Purdue University

Purdue e-Pubs
International High Performance Buildings
Conference

School of Mechanical Engineering

2021

3D CFD Simulation of a New Ventilated Roof
Michele Calati
University of Padova, Italy

Luca Doretti
University of Padova, Italy

Cristiano Gatto
2: AERtetto s.r.l, Treviso, Italy

Simone Mancin
University of Padova, simone.mancin@unipd.it

Follow this and additional works at: https://docs.lib.purdue.edu/ihpbc

Calati, Michele; Doretti, Luca; Gatto, Cristiano; and Mancin, Simone, "3D CFD Simulation of a New
Ventilated Roof" (2021). International High Performance Buildings Conference. Paper 358.
https://docs.lib.purdue.edu/ihpbc/358

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at
https://engineering.purdue.edu/Herrick/Events/orderlit.html

3457, Page 1

3D CFD Simulation of a New Ventilated Roof
Michele CALATI1, Luca DORETTI2, Cristiano GATTO3, Simone MANCIN1,*
1

University of Padova, Department of Management and Engineering,
Vicenza, 36100, Italy
michele.calati@phd.unipd.it, simone.mancin@unipd.it

2

University of Padova, Department of Civil, Environmental and Architectural Engineering,
Padova, 35131, Italy
luca.doretti@unipd.it
3

AERTetto s.r.l.,
Preganziol (TV), 31022, Italy
gatto.cristiano@aertetto.it
* Corresponding Author

ABSTRACT
In the last decades, energy management and saving have become challenging issues. Considering the building sector
(residential or industrial), different technologies have been developed in order to realize tangible energy savings, such
as: ventilated roof, double facades, glazed surfaces, etc. Nonetheless, it is important for these new technologies to
contemporary assure the human thermal comfort. Passive cooling (or heating) technologies are of actual interest. Low
or near-zero energy buildings can only be realized as a result of the good design of all their components; specifically,
the roofs call for particular attention as they take large parts of a building’s total surface area. This paper presents a
comparison between an innovative ventilated roof, based on an original design of the support and a traditional one. A
3D numerical model is developed to analyze the air flow and to compute the achievable benefits in terms of reduction
of the summer heating gains. The simulations were performed by varying the solar irradiance from 600 to 1000 W m2
. The investigation is conducted comparing a ventilated roof assembly to the same traditional structure, assuming
buoyancy-driven airflow. Two roof types are studied: an insulated roof and a non-insulated one. The results reveal
that the ventilated roof leads to a great reduction of the total amount of solar heat gains for all the simulated scenarios.

1. INTRODUCTION
In the last decades, for engineers, architect, designers, indoor thermal comfort has become a significative challenge.
Focusing on building air conditioning, Gagliano et al. (2012) reported that in the European Countries the total cooled
of floor area is destined to grow up to 2000 million m 2 in 2020 (while it was 1000 million m2 in 2012). It means that
the energy consumption will reach more than 100000 GWh/year only for building cooling.
The building envelopes are in direct contact with the external air and they play a fundamental role in the thermal
equilibrium of the buildings’ indoor ambient. Therefore, different technologies have been proposed and analyzed to
dissipate the heat coming from the outdoors and to prevent it to be transferred into the indoor environment. Ventilated
roof is one the most interesting technology to limit the entrance of the thermal loads into a confined space.
The typical structure of the ventilated roof is the following: an upper slab, an air cavity and a lower slab. The upper
slab, which can be composed of metal or tiles is in direct contact with the external environment. The lower slab,
instead, separates the indoor space from the roof structure itself. If the roof is insulated, different insulation layers can
usually compose the lower slab. The air flows in the cavity between the slabs. If the airflow is buoyancy driven, the
ventilated roof is considered a passive technology for reducing heat loads.
In the open literature different experimental, theoretical and numerical studies on the ventilated roofs can be retrieved.
Puangsombut et al. (2007) focused on an inclined roof cavity and studied the airflow rate and the convective heat
transfer applying a constant heat flux on the upper cavity surface. They gave results in terms of Reynolds and Nusselt
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numbers. The authors considered the presence of a radiant barrier, and they stated that the heat gains can be reduced
up to 50%. Susanti et al. (2011) investigated a 4.8-m long inclined roof. They analyzed different opening ratio and
heating conditions measuring the air velocity and temperature in correlation to the heat flux, opening ratio, cavity
spacing and the structure inclination. Tong and Li (2014), using the circuit transformation theory, developed a
theoretical model to estimate the amount of heat flux transferrable by a naturally ventilated roof. They obtained that
the heat flux is influenced by the solar reflectance of exterior surface, the infrared emittance of cavity surface, the
thermal resistance of lower and upper roof slabs, the roof inclination and cavity spacing. Ciampi et al. (2005) carried
out an energy analysis of ventilated and micro-ventilated roofs. They verified that when the cavity is less than 0.06 m
thick the airflow is laminar and the micro-ventilation occurs.
Gagliano et al. (2012) analysed three different typologies of ventilated roof, setting the thermal insulation layers in
different locations, by means of 2D CFD simulations They found that the performance of the ventilated roof is related
to the position of the insulation layer; the best results were achieved when it was inserted under the air layer near the
cold surface. Bianco et al. (2018) conducted 2D analysis to investigate wall temperature profiles, air velocity and heat
transfer coefficients in cavities to find out the optimal configuration. Ray et al. (2014) simulated a 3D full-scale
naturally ventilated atrium using k-ε, RNG k-ε and LES turbulence models. Liberati et al. (2009) analyzed the 3D
profile of air temperature in a duct of a ventilated roof for livestock housing. They evaluated the temperature in the
house and obtained the optimal cavity thickness which minimized it. An unsteady 3D simulation of a naturally
ventilated roof was also conducted by Li et al. (2016). In general, three-dimensional numerical analyses permit to
obtain more accurate solutions and they should be preferred.
This paper presents a steady-state 3D CFD simulation in Ansys Fluent 18.2 of a new ventilated roof. In particular, the
presence of a novel design of the support and its effect on the air thermal fluid dynamics is discussed. Significative
reduction of the specific heat flux transferred into the room is obtained for two ventilated roof typologies (insulated
and non-insulated) at three different solar thermal loads (I = 600, 800 and 1000 W/m2).

2. PHYSICAL AND NUMERICAL MODELS
2.1 New Ventilated Roof Description

a)

b)

Figure 1: Details of the ventilated roof structure a), of the support b)
In Figure 1a, a portion of the new ventilated roof is presented. It can be observed that the ventilated roof is composed
by a series of convex tiles (forming the upper slab) which are simply placed on the plastic support (Figure 1b). They
don’t need to be fixed by other tools like screws, etc.
To create the air cavity, a concave tile is located onto two adjacent convex tiles, as it can be appreciated in Figure 1a.
The main properties of the support and tiles are listed in Table 1.

Material
Polipropylene (Support)
Tile Covering

Table 1: Material main properties
λ [W m-1 K-1]
ρ [kg m-3]
0.22
915
0.7
1600

Cp [J kg-1 K-1]
1925
1000
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This new ventilated roof offers an easy installation which can be suitable for new buildings and retrofitting being an
interesting tool for energy management and energy saving improvement.
For this purpose, two different roof typologies have been investigated: an insulated roof (U = 0.33 W m-2 K-1) and a
non-insulated one. The main properties of the materials use in the two roof types are listed in Table 2 and 3.
Table 2: Insulated Roof, Details of materials composing the lower slab
Material
λ [W m-1 K-1]
Thickness [m]
Bituminous Roof Sealant
0.75
0.005
Rock Wool
0.035
0.1
Wooden Beads
0.17
0.025

1-

Table 3: Non-insulated roof, Details of material composing the lower slab
Material
λ [W m-1 K-1]
Thickness [m]
Concrete
1.6
0.1

2.2 Numerical Model

X

Figure 2: 2D Profile of the 3D simulated module
A 3D module of the ventilated roof has been developed consisting of two tiles. A portion of the entire roof has been
obtained by repeating the module in the z-direction up to the desired length. To generate its complementary symmetric
structure a mirroring along the y-axis has been done.
The roof is meant for residential buildings and it is inclined of 27°, as showed in Figure 2. An “air reservoir” has been
designed, as proposed by Bianco et al. (2018) to simulate the ambient air, which feeds the ventilation cavity. An
obstacle, i.e. a gutter, has also been inserted just below the inlet of the channel.
A heat transfer coefficient of 7 W m-2 K-1 has been set on the internal face in order to model the air heat transfer with
the internal room, which has been considered at a constant temperature of 26 °C.
On the top surface of the tiles, the temperature sol-air model as proposed by Villi et al., 2009 has been implemented
to account for both convection and solar radiation between the tiles and the outdoor environment. The emissivity of
the tiles has been set equal to 0.9. The global heat transfer coefficient h of 20 W/m2K which takes into account the
convective and radiative contributions has been considered. The sol-air model calculates a fictitious free stream
temperature Tsa to simulate the heat transfer considering the solar irradiance, in accordance with the following
equation:
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𝑇𝑠𝑎 = 𝑇𝑒𝑥𝑡 +

𝐼∗𝑎
ℎ

(1)

Where:
I = solar irradiance [W m-2]
a = absorptance [-]
Text = external air temperature [K]
A fixed value of 0.9 has been chosen for the tile covering absorptance.

a)

b)
Figure 3: Named selections

As reported in Figure 3a, a “pressure-inlet” boundary condition has been assigned to the inlet. Constant atmospheric
pressure and temperature of 300 K have been fixed to simulate the outdoor environment. Similarly, “pressure-outlet”
condition has been assigned to the outlet, as shown in Figure 3a. Besides, in order to investigate the thermal fluid
dynamics inside the channel, two sections have been defined: section A (blue) that is located along the central axis of
the channel and passes through the support, and section B (red) is the side symmetry plane. Figure 3b reports the ridge,
which is located at the end of the ventilation channel and lets the air to exit. For the sake of clarity, sections A and B
are not shown here. The sides of the 3D module have been modelled as “symmetry”. All the other surfaces have been
considered as “wall”.
No wind effect has been considered. Besides, the tiles’ slab has been supposed to be airtight. Therefore, the air could
only enter the ventilation channel from the intake vent and exit from the exhaust one.
2.2.1 Governing Equations
To study the thermal fluid dynamics, the commercial CFD software “Ansys Fluent 18.2” has been used. The software
solves the three Navier-Stokes conservation equations (mass, momentum, energy). For a steady-state solution and a
compressible flow the following equations have been used (they are all reported for an i-th direction):
Mass Conservation:
𝜕
𝛻 · (𝜌𝒗) = 0
𝜕𝑡
Where:
ρ = air density
v = velocity vector
Momentum Conservation:
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𝜕
(𝜌𝒗) + 𝛻(𝜌𝒗𝒗) = 𝛻𝑝 + 𝛻(𝝉) + 𝜌𝒈 + 𝑭
𝜕𝑡

(3)

Where:
p = static pressure
τ = shear stress tensor
ρg = body force
F = external force
Energy Conservation:
𝜕
𝜕𝑡

(4)

(𝜌𝐸) + 𝛻 · [𝒗(𝜌𝐸 + 𝑝)] = 𝛻 · [𝑘𝑒𝑓𝑓 𝛻𝑇 − ∑𝒊 ℎ𝑖 𝒋𝒊 + (𝝉𝒆𝒇𝒇 · 𝒗)] + 𝑆ℎ

Where the terms in square brackets in the right side of equation (4) are the conductive, convective, viscous dissipative
energy exchanges.
Sh = heat produced by chemical reactions
Fluent needs two additional transport equations to solve the turbulence. To model the turbulence the standard k-ε
model has been adopted in accordance with the literature. k is the turbulent kinetic energy while ε is the kinetic energy
of turbulence dissipation. They are calculated using equations (5) and (6), respectively.
𝜕
𝜕𝑡
𝜕
𝜕𝑡

(𝜌𝑘) +

(𝜌𝜀) +

𝜕
𝜕𝑥𝑖

𝜕
𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖 ) =

(𝜌𝜀𝑢𝑖 ) =

𝜕
𝜕𝑥𝑗

𝜕
𝜕𝑥𝑗

[(µ +

[(µ +

µ𝑡

)

µ𝑡

)

𝜕𝑘

𝜎𝑘 𝜕𝑥𝑗

𝜕𝜀

𝜎𝜀 𝜕𝑥𝑗

(5)

] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘
𝜀

𝜀2

𝑘

𝑘

] + 𝐶1𝜀 (𝐺𝑘 + 𝐶3𝜀 𝐺𝑏 ) − 𝐶2𝜀 𝜌

+ 𝑆𝜀

(6)

With the turbulent viscosity calculated as follow:
µ𝑡 = 𝜌𝐶µ

𝑘2
𝜀

(7)

For the constants, the following values have been used as proposed by Bianco et al. (2018):
C1ε =1.44, C2ε =1.92, C3ε = 1.0, Cµ = 0.09, σk = 1.0, σε = 1.3
The SIMPLE scheme has been selected to solve the pressure-velocity coupling.

2.3 Mesh Sensitivity
In order to evaluate the solution robustness, a mesh sensitivity analysis has been conducted. In particular, three
different meshes have been tested varying the number of the elements, as reported in Table 4.

Case
A
B
C

Table 4: Effects of three different meshes
Number of Elements Time to Convergence
10494148
500 min
14592370
500 min
21355522
1300 min

Proom [W]
2.12
2.04
2.17

The results refer to the ventilated insulated roof behaviour when the solar irradiance is equal to 600 W m-2. The
comparison of three different cases reveals that the solution is independent from the studied meshes. The solution
convergence has been reached when the residuals have been lesser then 10-3 for the continuity, k and ε, while 10-6 for
the energy and the velocity terms. As it can be seen in Table 4, the results showed that there is not any noticeable
difference between the three studied meshes in terms of total power transferred to the internal room.
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Figure 4: Mesh sensitivity analysis. Air velocity as function of the roof length.
(I = 600 W m-2, ventilated insulated roof)
As showed in Figure 4, another parameter has been considered to choose the most suitable mesh; in particular, the air
velocity profile along the axis of the thickest section of the ventilation cavity has been studied. Hence, considering the
trade-off between time to convergence and accuracy of the solution, in terms of thermal power transferred to the room
Proom and air velocity along the roof, the caseB has been selected. In fact, it allowed to obtain a reliable solution with
a time to convergence that was almost a third of caseC.

a)

b)
Figure 5: Mesh details

3. RESULTS AND DISCUSSION
As it can be noticed from the sequence of images in Figures 6 (a-h), the proposed numerical model has successfully
been implemented to simulate the thermal fluid dynamics of the new ventilated roof. For the sake of brevity, only the
results for the insulated ventilated roof under a solar irradiance of 800 W m-2 are reported. Besides, similar results
have been obtained for the other cases.
Figure 6a shows the pressure field at the intake vent. The pressure at the inlet of the channel assumes negative values
because the air is sucked through the channel by the density gradient induced by the heat coming from the tiles. A
buoyancy driven flow is therefore generated and fresh air moves upward.
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Pressure
Contour 1
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a)

b)
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d)

e)

f)

g)
h)
Figure 6: Results for insulated ventilated roof, I = 800 W/m2
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In Figure 6b, the density contours can be seen, the air is warmed up through the channel (Figure 6c) and its density
decreases accordingly. The velocity contours of section B are reported in Figure 6d, the velocity ranges between 0.4
and 0.6 m/s. When considering section A, located in the middle of the support (Figure 6e), it is possible to highlight
the great benefit of the new support: differently from the traditional one, the air can flow through and the average
velocity is around 0.25 m/s. Figure 6f shows the streamlines at the outlet of the ventilated roof, the air is fairly
homogenously distributed and leaves the channel from the ridge.
The tiles’ temperature contours are shown in Figure 6g, while the temperature distribution on the wall facing the room
can be found in Figure 6h. The tiles’ surface warms up along the length and it reaches around 335 K, while the bottom
surface does not go over 320 K.
The velocity profiles along the axis of section B are plotted in Figure 7. The curves permit to clearly show the effects
of the supports; at all the investigated heat fluxes, the fluid flow develops in the first 1.5 m and then it stabilizes. The
peaks and valleys are located in correspondence of the supports. At a solar irradiance of 1000 W/m 2, the two curves
mostly overlap, showing the almost similar maximum and minimum values. When decreasing the solar irradiation,
the two are slightly different and the peak-to-valley velocity difference decreases.

0.7
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10.5

'5 0.4
0

~

~ 0.3
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-
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-
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4
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Figure 7: Air velocity profile along the axis of the thickest section of the cavity for insulated and non-insulated
ventilated roof, I = 600, 800, 1000 W m -2
Table 5: Comparison of Specific Thermal Power transmitted into the room for all I-values between insulated and
non-insulated, ventilated and non-ventilated roof.
Insulated Roof
Non-insulated Roof
Ventilated
Non-Ventilated
Savings
Ventilated
Non-Ventilated
Savings
I
[W m-2]
[W m-2]
[%]
[W m-2]
[W m-2]
[%]
-2
600 W m
2.04
7.16
72
13.76
34.74
60
800 W m-2

2.68

9.53

72

18.61

47.62

61

1000 W m-2

2.82

11.9

76

22.38

60.37

63

As resumed in Table 5, for the insulated ventilated roof an average reduction of more than 70% of the specific thermal
load to the indoor space was calculated as compared to the traditional non-ventilated roof; considering the noninsulated cases, a reduction of some 60% specific themal load was achieved. The ventilated roof allows for a huge
reduction of the thermal loads to the indoor rooms. The results can be also showed in the two diagrams of Figure 8,
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the remarkable reduction of the specific heat flux is clearly noticeable between a ventilated roof and a non-ventilated
one for all three solar irradiation values. In the studied scenarios, a great amount of heat is taken away by the air
flowing in the channel.
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Figure 8: Specific Thermal Power entering the room: insulated roof a), non-insulated roof b)

4. CONCLUSIONS
In this work, a 3D CFD numerical analysis of a new ventilated roof structure is proposed. Six different scenarios of a
typical summer day have been simulated, varying the roof’s typology and the solar irradiance intensity. In particular,
insulated and non-insulated roofs have been studied under I = 600, 800, 1000 W m -2, keeping constant at the outdoor
temperature at 300 K. The tiles-supports structure and its effects on the fluid-dynamics of the airflow in the ventilation
cavity and on the transmitted thermal power to the indoor space have been investigated.
The results reveal a remarkable reduction of the specific thermal loads transferred to the indoor space. For the insulated
roof, an average savings of more than 70 % on the specific thermal load has been estimated while for a non-insulated
one, the value has been around 60%. Finally, these 3D CFD simulations have confirmed the great benefits of a
ventilated roof and, in particular of the novel support design, in promoting an effective mitigation of the thermal load
during the summer.
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